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Efficient injection of spin-polarized current into a semiconductor is a basic prerequisite for 
building semiconductor-based spintronic devices. Here, we use inelastic electron tunneling spectroscopy 
to show that the efficiency of spin-filter-type spin injectors is limited by spin scattering of the tunneling 
electrons. By matching the Fermi-surface shapes of the current injection source and target electrode 
material, spin injection efficiency can be significantly increased in epitaxial ferromagnetic insulator 
tunnel junctions. Our results demonstrate that not only structural but also Fermi-surface matching is 
important to suppress scattering processes in spintronic devices. [DOI:   ] 
 
A common component in any spintronic devices is 
a spin injector that converts conventional electric current 
into a flow of spins or a spin-polarized current [1-4]. 
Conventional semiconductor spintronic devices are based 
on spin injectors that use a ferromagnetic metal (FM) 
electrode. The electronic structure of the ferromagnetic 
metal spin injector electrode is inevitably different from 
that of the semiconductor. The injected spin-polarized 
electrons therefore need to change their in-plane momen-
tum and possibly the orbital symmetry to enter empty 
states in the semiconductor. Such adjustment is possible if 
the electrons crossing the metal-semiconductor interface 
are involved in scattering by phonons, magnons, crystal 
defects, etc. Scattering by magnons or defects can be ac-
companied by an electron spin flip [5], resulting in a drop 
of spin injection efficiency. 
Here, we show that it is possible to achieve high 
spin injection efficiency in a spin-filter tunnel junction 
(SFTJ) by matching the Fermi-surface shapes of the spin 
injection source and target materials. Spin injection 
through a spin filter tunnel barrier has been studied be-
cause it can avoid the impedance mismatch problem that 
exists between a metallic electrode and a semiconductor 
[6, 7]. Another advantage, which is the focus of this work, 
is the availability of a wider choice of current injector 
electrode materials. In SFTJs, the current injector elec-
FIG. 1. Schematic illustration of the spin filter tunnel junction op-
eration. (a) Simplified band diagram of a SFTJ device. (b) 
Cross-sectional Fermi surface plots for LNO [44, 45], (c) 
La2/3Sr1/3MnO3 [25], and (d) Au [46]. The sizes of the illustrations 
are proportional to the size of the first Brillouin zone, allowing 
comparison of the Fermi momenta kF. The Fermi surface of 
La2/3Sr1/3MnO3 depicted in (c) is slightly larger than that of the 
bottom electrode material La0.6Sr0.4MnO3. (e) Cross-sectional 
HAADF-STEM image of a device. 
 trode does not need to be spin-polarized or even ferro-
magnetic, as the spin selectivity of the injected electrons 
is facilitated by the exchange-split ferromagnetic insula-
tor tunnel barrier. Matching the Fermi surface shapes of 
the current injector electrode and target materials miti-
gates the effects of spin scattering due to the availability 
of a direct tunneling channel. 
 The operation of a SFTJ is based on 
spin-dependent tunneling in a ferromagnetic insulator 
[8-19]. As shown in a simplified band diagram in Fig. 
1(a), the energy bands in a ferromagnetic insulator are 
spin-split due to the presence of an exchange splitting 
(∆EX). This results in two spin-dependent tunnel barrier 
heights, with the up-spin electrons seeing a lower effec-
tive barrier than the down-spin electrons and thus prefer-
entially tunneling through the junction, generating a 
spin-polarized current. In a practical spintronic device, 
the spins would be injected into a semiconducting mate-
rial, as in spin transistors or spin light-emitting diodes 
[20-22]. Scattering processes in a tunnel junction can be 
investigated using inelastic electron tunneling (IET) 
spectroscopy.  
In this work, our purpose is to develop a 
high-performance SFTJ by suppressing the effect of 
scattering. To realize spin detection and Fermi-surface 
matching at the same time, a suitable set of normal and 
ferromagnetic metals is employed as electrodes. 
Spin-polarized current from the spin filter tunnel barrier 
is detected by ferromagnetic metals as tunnel magnetore-
sistance (TMR) signals, i.e. TMR = (RAP-RP)/RP, where 
RP and RAP denote the junction resistances in parallel and 
antiparallel magnetization configurations of the spin filter 
and spin detector layers. 
In the devices studied here (Fig. 1(a)), electrons 
emitted from a metallic electrode are filtered by a ferro-
magnetic insulator, Pr0.8Ca0.2Mn1-yCoyO3 (PCMCO) [23]. 
The resulting spin-polarized current is injected into a 
ferromagnetic La0.6Sr0.4MnO3 (LSMO) spin detector layer. 
To establish structural and Fermi-surface matching be-
tween the LSMO spin detector and the injector electrode, 
a paramagnetic metal, LaNiO3 (LNO), was used. LNO 
and LSMO have similar Fermi surface shapes and Fermi 
momenta (kF), as shown in Figs. 1(b) and (c) [24, 25]. 
The conduction electrons in LNO (Ni3+ 3d eg) and LSMO 
(Mn3.6+ 3d eg) have the same orbital symmetry, which 
opens a direct tunneling channel that conserves the 
in-plane momentum and orbital symmetry. The influence 
of scattering by phonons, magnons or defects on the total 
injection current is thus greatly reduced. Moreover, LNO, 
PCMCO and LSMO are all perovskite-type oxides, and 
can thus be combined in a lattice-matched epitaxial het-
erostructure with a very low density of interfacial struc-
tural defects that can also act as scattering centers. Ref-
erence structures with Au current injector electrodes were 
also fabricated for comparison to show that a large mis-
match in the Fermi-surface sizes of SFTJ electrodes, as 
illustrated in Fig. 1(d), leads to increased contributions of 
scattering. A thin nonmagnetic insulator (NI) SrTiO3 
(STO) spacer layer was inserted between the PCMCO and 
FIG. 2. Transport and magnetic properties of SFTJs. (a) Resistance 
of a Au/PCMCO (y=0) (12 ML)/LSMO junction (red line) and 
magnetization of a PCMCO (y=0) film (blue) as a function of 
temperature. The junction resistance was measured by applying a 
bias voltage of ±100 mV without an external magnetic field. The 
magnetization is normalized to the 10 K value. (b) A cur-
rent-voltage characteristic of a Au/PCMCO (y=0) (12 ML)/LSMO 
junction at 13 K. (c) Logarithmic plot of the junction resistance as 
a function of reciprocal temperature. The blue line is a 
Poole-Frenkel fit for the high temperature region (>100 K). Tun-
neling conduction is dominant in the highlighted region. (d), (e) 
Comparison of M-H curves of PCMCO (15 ML) films grown on 
STO substrates before (gray dashed line) and after depositing ei-
ther epi-LNO ((d), blue line) or poly-Au ((e), red line) electrodes, 
measured at 10 K [47]. The vertical axes are normalized to the 
saturation magnetization of the PCMCO film (MS0). The dI/dV 
spectra of (f) poly-Au/PCMCO (y=0.2) (10 ML)/STO (2 
ML)/LSMO junction and (g) LNO/PCMCO (y=0.2) (10 ML)/STO 
(2 ML)/LSMO junction measured at 4 K and 0 T. A zero-bias 
anomaly is indicated by the green arrow. The dI/dV spectra were 
measured at zero field after cooling in a magnetic field of 0.8 T. 
 LSMO layers to magnetically decouple the two ferro-
magnetic materials. 
Epitaxial LNO/PCMCO/STO/LSMO layered 
structures were grown on atomically flat STO (001) sub-
strates by pulsed laser deposition. The optimal growth 
temperature and oxygen pressure were 900 °C and 0.08 
Pa for the LSMO bottom electrodes, and 700 °C, 4 Pa for 
the STO, PCMCO, and LNO layers. The thickness of the 
PCMCO/STO tunnel barriers was controlled by counting 
the reflection high-energy electron diffraction specular 
intensity oscillations. The Au top electrode was deposited 
by standard vacuum evaporation. The multilayers were 
patterned into 8×32 µm2 junctions using a conventional 
photolithography process and post-annealed in air for 24 
h to reduce the number of oxygen vacancies. The device 
bias is defined positive when a positive bias is applied to 
the LNO or Au top electrode of the tunnel junctions. 
A cross-sectional high-angle annular dark-field 
scanning transmission electron microscopy 
(HAADF-STEM) image in Fig. 1(e) shows that all inter-
faces are epitaxial and atomically abrupt. The thickness of 
each layer is noted in terms of the perovskite unit cell 
height (1 ML ~0.4 nm). 
As shown by the temperature dependence of a 
Au/PCMCO (12 ML)/LSMO junction resistance (red 
line) in Fig. 2(a), even very thin (12 ML) PCMCO tunnel 
barrier films were excellent insulators. The nonlinear 
current-voltage characteristic in Fig. 2(b) shows that the 
dominating mode of charge transport through the junction 
is tunneling at low temperature. This can also be con-
firmed from the logarithmic plot of the junction re-
sistance shown in Fig. 2(c). At high temperature (>100 K), 
the temperature dependence of the junction resistance 
follows the Poole-Frenkel model. At low temperatures, as 
highlighted in Fig. 2(c), the logarithmic plot of the junc-
tion resistance becomes almost flat, supporting the oc-
currence of tunneling conduction. Below the ferromag-
netic transition temperature of PCMCO (TC ~ 75 K), de-
termined from the temperature dependence of magnetiza-
tion (blue line) in Fig. 2(a), the opening of the exchange 
splitting gap decreases the tunnel barrier height for the 
up-spin electrons. This effect is evidenced by a sharp 
drop in the junction resistance at around the TC of 
PCMCO, as seen in a linear plot of the junction resistance 
in Fig. 2(a) (red line), giving a clear signature of the ex-
pected spin filtering effect in the PCMCO layer [26]. 
In most SFTJs studied so far [12, 13, 16, 19], 
polycrystalline Au (poly-Au) electrodes have been used 
as the injector electrode. The role of the current injector 
electrode material in determining the spin injection effi-
ciency in SFTJs has not been considered. However, the 
tunneling regime in such junctions is not determined 
purely by the tunnel barrier characteristics, but also by the 
electronic structures of the electrodes, as has been 
demonstrated in single-crystalline Fe/MgO/Fe TMR de-
vices [27].  
The structural advantage of using an epitaxial ox-
ide electrode can be seen by the increase of the saturation 
magnetization in the topmost 1~2 ML of PCMCO after 
the deposition of an epitaxial LNO (epi-LNO) layer on a 
PCMCO surface, as shown in Fig. 2(d). It is known that 
in perovskite manganites, ferromagnetism can be de-
graded close to interfaces [28]. By fabricating a fully epi-
taxial layered structure, ferromagnetism of the topmost 
PCMCO layer can be recovered. However, no recovery of 
ferromagnetism was observed when a poly-Au electrode 
was deposited. This can be seen in the identical saturation 
magnetizations of a PCMCO layer before and after the 
deposition of a poly-Au electrode in Fig. 2(e), indicating 
that there are fewer scattering sources, such as interfacial 
defects and misaligned spins [29, 30], in the epi-LNO 
junction than in the poly-Au junction. 
Electron tunneling spectroscopy was used to de-
termine the role of scattering in the tunneling conduction 
of the SFTJs. In this technique, the differential conduct-
ance (dI/dV) of a junction is plotted against the junction 
bias, which can be obtained by measuring the AC com-
ponent of the tunneling current. When a poly-Au elec-
trode was used as a current injector, a distinct dip struc-
ture appeared at close to zero bias (Fig. 2(f), green arrow). 
FIG. 3. Suppression of electron scattering using epitaxial current 
injectors. IET spectra of (a) poly-Au/PCMCO (y=0.2) (10 
ML)/STO (2 ML)/LSMO junction and (b) LNO/PCMCO (y=0.2) 
(10 ML)/STO (2 ML)/LSMO junction at 4 K. The solid (dotted) 
lines are measured in P (AP) state under 0.8 T (0.05 T). Peak posi-
tions are indicated by black arrows. Bias voltage dependence of 
TMR at 4 K in (c) poly-Au/PCMCO (y=0.2) (10 ML)/STO (2 
ML)/LSMO and (d) LNO/PCMCO (y=0.2) (10 ML)/STO (2 
ML)/LSMO junctions. Lines are visual guides. 
 
 This zero-bias anomaly is known to be caused by inelastic 
scattering of tunneling electrons [31]. The advantage of 
using an epitaxial LNO injector electrode becomes clear 
when the Au junction data is compared with the dI/dV 
characteristic obtained from an epi-LNO device, shown in 
Fig. 2(g). There is no zero-bias anomaly or any other dip 
structures that could be assigned to inelastic scattering 
processes, indicating that electrons can pass through the 
spin-filter barrier by direct tunneling. 
Further investigation of the scattering process is 
possible using IET spectra, i.e., d2I/dV2 plots obtained 
from the second-order harmonics of the AC tunneling 
current, as shown in Figs. 3(a) and 3(b). Broad peaks 
were observed in the poly-Au junction spectrum (Fig. 
3(a)) at around ±70 mV (B, B’), which are composed of 
two sets of peaks at ±59 mV and ±78 mV. These peaks 
coincide with phonon excitations (±59 mV, ±76 mV) that 
have been observed by Raman spectroscopy in an epitax-
ial Pr0.4Ca0.6MnO3 thin film [32, 33]. This shows that the 
tunneling electrons were inelastically scattered by pho-
nons inside the PCMCO layer. These phonon peaks were 
suppressed in the epi-LNO junction, as shown in Fig. 3(b), 
indicating that electrons were tunneling between the 
epi-LNO and LSMO electrodes without being scattered 
by phonons in the tunnel barrier. The suppressed contri-
bution of the electron-phonon scattering is caused by the 
similarity of the Fermi-surface shapes of LNO and LSMO 
that determine the initial and final positions of the tun-
neling electrons in k-space (Fig. 1(b) and (c)). If the Fer-
mi-surface shapes of the electrodes are quite different, as 
in the case of the poly-Au junction, tunneling electrons 
are likely to be involved in inelastic scattering processes 
in order to adjust their positions in k-space during tunnel-
ing by emitting or absorbing phonons (Fig. 1(c) and (d)) 
[34, 35]. The similarity of the Fermi-surface shapes of 
LNO and LSMO would allow electrons in LNO to di-
rectly tunnel through the PCMCO barrier into the empty 
states in LSMO without being scattered by phonons [24, 
25]. 
The peaks at approximately ±10 mV (A, A’) in the 
poly-Au device IET spectrum are related to the zero-bias 
anomaly observed in the dI/dV spectrum. Peaks in this 
region are often attributed to magnons and defect scat-
tering [36, 37], which can cause electron spin flips in a 
ferromagnetic junction [5]. The (A, A’) peaks can thus be 
assigned to the appearance of magnetic scattering of tun-
neling electrons in the poly-Au junction. This interpreta-
tion was verified by comparing the bias voltage depend-
ence of TMR of the poly-Au and LNO junctions, as dis-
cussed later. As shown in Fig. 3(b), the magnetic scatter-
ing peaks are also suppressed by using an epi-LNO elec-
trode, due to the availability of the direct tunneling chan-
channel. The intensity of the magnetic scattering peaks 
did not show a strong dependence on the relative mag-
netic orientation, either parallel (P) or antiparallel (AP), 
of the PCMCO and LSMO layers. This behavior is quite 
different from the magnon scattering that has been ob-
served in FM/NI/FM devices [36, 37] and could imply 
that the effects, origins, and locations of magnetic scat-
tering in SFTJs might be different from those of conven-
tional TMR junctions.  
The effect of electrode materials on the spin injec-
tion efficiency can be demonstrated by measuring the 
magnitude of the spin-polarized current with an epitaxial 
LSMO spin detector. The magnetic field dependences of 
junction resistances (TMR curves) for representative 
junctions are shown in Fig. 4. As expected, a systematic 
increase of the TMR ratio was observed when an 
epi-LNO top electrode was used instead of gold, as 
shown by a comparison of plots in Figs. 4(a) and 4(b). 
This behavior is consistent with the recovery of interface 
ferromagnetism in PCMCO (Figs. 2(d), (e)) and the sup-
pression of electron scattering peaks (Figs. 3(a), (b)). The 
difference in the resistances of the Au and LNO junctions 
may also be affected by structural disorder at the 
Au/PCMCO interface. The effect of the magnetic scatter-
ing can be clearly seen in the bias voltage dependence of 
the TMR ratio in Figs. 3(c) and 3(d). In a poly-Au junc-
tion, the TMR ratio suddenly dropped at approximately 
±10 mV, as shown in Fig. 3(c). The voltage region of this 
sudden TMR drop corresponds to the magnetic scattering 
peaks (A, A’) in Fig. 3(a). By using an epi-LNO current 
injector, the sharp drop of the TMR ratio in the low bias 
region was effectively eliminated, as shown in Fig. 3(d). 
Dominance of the direct tunneling channel and the lack of 
ferromagnetic deterioration at the interface in the 
epi-LNO junction can therefore be concluded to be re-
sponsible for the dramatic increase of spin injection effi-
ciency. The noise observed in the bias voltage depend-
ences of TMR in Figs. 3 (c) and (d) may be explained by 
FIG. 4. Comparison of TMR curves of (a) LNO/PCMCO (y=0.2) 
(10 ML)/STO (2 ML)/LSMO and (b) poly-Au/PCMCO (y=0.2) 
(10 ML)/STO (2 ML)/LSMO junctions measured at 4 K under a 
bias voltage of -5 mV. The scan direction is indicated by red and 
blue arrows in (a). 
 local magnetic fluctuations in the magnetic layers [10]. 
Further research, such as PCMCO thickness dependence 
[27, 38] or noise spectroscopy, [39, 40] would be valuable 
for investigating the coherence of the tunneling electrons. 
In summary, we have demonstrated the operation 
of a high-performance SFTJ based on a PCMCO ferro-
magnetic insulator tunnel barrier. In order to realize effi-
cient spin injection, it is important to use an epitaxial 
current injector that has similar crystal and electronic 
structure to the injection target material. The easiest way 
to obtain a Fermi-surface-matched electrode is to simply 
use a same (or similar) material as the injection target 
material. Recent progress in crystal growth techniques 
has made it possible to fabricate single crystalline spin 
filter materials on practically interesting semiconductors, 
such as Si, GaN, GaAs etc [41-43]. Applying the results 
of this work to such systems may lead to high-efficiency 
next-generation spintronic devices based on oxides and 
traditional semiconductors. 
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